In this article, a fully integrated single photon detector including a silicon avalanche photodiode and a quenching circuit is presented. The low doping concentrations, inherent to the complementary metal-oxide-semiconductor ͑CMOS͒ high-voltage technology used, favor the absorption of red and infrared photons at the depletion region. The detection probability rapidly increases with excess bias voltages up to 5 V. At this value, the detection probability is larger than 20% between 420 nm and 620 nm and still 7% at 750 nm. The photosensitive area is 7 m in diameter. Cointegration of the diode and the quenching resistor allows a drastic reduction of parasitic capacitances. Though passively quenched, the single photon detector exhibits a dead time as low as 75 ns. The avalanche current is quickly quenched in less than 3.5 ns leading to a relatively low afterpulsing probability of 7.5% at 5 V excess bias voltage. The afterpulses are located in the first microseconds after the avalanche event. At room temperature, the dark count rate is about 900 Hz at 5 V excess bias voltage. Cooling of the sensor below 0°C is of minor interest since the tunneling process becomes dominant. A remarkably short timing resolution has been obtained with values lower than 50 ps for excess bias voltage higher than 5 V. The industrial CMOS high-voltage technology used guarantees low production costs. In applications where the light can be focused on the small photosensitive area using a high magnification objective, the fabricated single photon avalanche photodiode overcomes the features of standard photomultiplier tubes. The CMOS integration opens the way to the fabrication of an extremely compact array. The design can be easily fitted to a dedicated application. Furthermore, by using an industrial CMOS process, the cointegration of data processing electronics to produce a smart sensor would be a feasible task.
I. INTRODUCTION
A single photon avalanche diode ͑SPAD͒ is a specially designed avalanche photodiode ͑APD͒ that is biased above its breakdown voltage and operates in the so-called Geiger mode 1 to allow single photon detection. The advantages of SPADs over photomultipliers tubes ͑PMTs͒ are nowadays well understood, specifically for applications where the light to be detected can be focused on a small diameter spot. Compactness, ruggedness, high immunity to magnetic fields, lower bias voltage, higher detection probability, and ease of design modification to suit a specific application are undeniable benefits of SPADs. Today, despite outstanding detection probability in the visible and near-IR regions of the spectrum, the state-of-the art commercially available silicon SPAD 2 is based on a complicated fabrication process 3 leading to relatively high production costs. Moreover, the dedicated process required to produce the so-called reachthrough APD prevents the cointegration of electronics and large arrays fabrication.
We recently presented a novel design idea to fabricate APDs in standard 0.8 m silicon complementary metaloxide-semiconductor ͑CMOS͒ process. 4 This design has been used to produce fully integrated SPADs in both passive quenching/passive recharge 5 and passive quenching/active recharge 6 operations. Outstanding features in terms of timing characteristics and noise have been obtained mainly due to the cointegration of the SPAD and electronic circuits. The detection probability, though comparable with a standard PMT, peaks at 20% at 460 nm and rapidly decreases in the red and IR parts of the spectrum. The ultimate limit for the excess bias voltage is set by the maximum operating voltage of the technology, i.e., 5.5 V. Practically, the guard-ring structure actually used restricts the bias of the diode at 2.5 V above the breakdown voltage. Working at higher excess bias voltage would increase the electron and hole breakdown probabilities, i.e., the photon detection probability. 7 Moreover, the standard CMOS process used provides an abrupt pϩ/n-tub junction very close to the surface with a relatively high impurity concentration on the n-type side. As a consequence, the depletion region enlargement is limited to about one micron. This situation is favorable for UV/blue photons a͒ Author to whom correspondence should be addressed; electronic mail: alexis.rochas@epfl.ch absorbed very close to the device surface but is disastrous for red and IR photons with higher penetration depths. One should notice that the evolution of standard CMOS processes toward deep submicron technologies is unfavorable to improve the detection probability of the SPADs in the visible. Therefore, there is an interest to investigate CMOS highvoltage technologies more suited for red and near-IR photons detection. A CMOS high-voltage technology is a good candidate to fulfill this objective as large depletion regions are encountered in low-doped junctions with high breakdown voltages.
Among others, 5 a timely application lies in fluorescence analysis in the life sciences. Single photon detector is the basic component in fluorescence correlation spectroscopy ͑FCS͒ experiments or in fluorescence lifetime measurements. Independently of the methods of data processing, the spectral emission of fluorophores ranges principally from 500 nm to 700 nm. In most of the applications, several species should be distinguished and monitored simultaneously. The single photon detector should thus exhibit a broad spectral range of detection. Moreover, in the detection and identification of single molecules for drug discovery and development, 8 in bases detection for deoxyribonucleic acid sequencing, 9 in cell detecting and sorting experiments, 10 the availability of an array of detector would open the way to parallel detection, i.e., to a crucial reduction of the acquisition time. The compactness achievable with a fully integrated solid-state sensor array is undoubtedly well suited to microfluidic devices used in the life sciences.
Finally, because they are well established in high-voltage environment applications, such as display drivers, telecommunications circuits, some automotive electronics, small dc motor control, or switching regulators, 11 the long-term availability of high-voltage technologies is guaranteed.
In this article, a fully integrated single photon detector fabricated in a low cost CMOS high-voltage technology is presented. In Sec. II, the structure of the APD is first described. The fully integrated single photon detector in passive quenching operation is introduced and its functioning explained. In Sec. III, the Geiger pulse features are measured and the results corroborated by simulation. In Sec. IV, the main features of the integrated optical sensor are presented including the dark count rate, afterpulsing probability, detection probability, and timing resolution. Benefits extracted from a cooling of the sensor are discussed as well. The outlook of the work is provided in Sec. V.
II. PASSIVELY QUENCHED SINGLE PHOTON AVALANCHE DIODE IN A COMPLEMENTARY METAL-OXIDE-SEMICONDUCTOR HIGH-VOLTAGE TECHNOLOGY

A. Avalanche photodiode design
The structure of the integrated APD, fabricated in highvoltage 0.8 m CMOS technology, is sketched in Fig. 1 . The industrial process used is a mixed mode one with two metal layers and a high resistive polysilicon layer. This twin-tub technology uses a p substrate and allows operating voltage from 2.5 to 50 V. A useful feature of the high-voltage technology is the availability of a p-tub implantation. It can be used to create a ring surrounding the pϩ anode of the structure to prevent edge breakdown ͑see Fig. 1͒ . The structure of the APD is then a dual junction pϩ/deep n tub/p substrate.
Breakdown voltage measurements have been done on specially designed large area photodiodes. Without a guard ring, the breakdown voltage of the pϩ/deep n tub is about 15 V. By adding the p-tub guard ring, the breakdown voltage is increased by more than 10 V above 25 V. The breakdown voltage of the p-tub/deep n-tub junction is typically 55 V. Therefore, the pϩ/deep n-tub junction breaks first in the planar part of the junction. The second breakdown in the ring appears at a bias voltage roughly 30 V higher. It ensures a proper Geiger mode operation with potential excess bias voltage up to 30 V.
For high-voltage operation purpose, the deep n tub has a relatively low dopant concentration ͑estimated to 3 ϫ10 16 cm Ϫ3 ) with the pϩ/deep n-tub junction close to the surface at about 500 nm in depth. This doping profile is of the greatest interest for the detection of red and near-IR photons. Extending the depletion region results in an increase of the collection of photons with high penetration depths.
For Geiger mode operation, it is essential to reduce the thermal generation, i.e., the dark count rate of the diode. The photosensitive area of the SPAD characterized in what follows is then kept deliberately small. It is a disk of 7 m in diameter defined by an integrated metal mask. To provide a detection probability constant on the whole photosensitive area, the metal mask is designed such as to cover the lateral stretching of the depletion region of the p-tub/deep n-tub junction.
B. Fully integrated photon counting microsystem:
Complementary metal-oxide-semiconductorhigh voltage single photon avalanche diode A schematic of the fully integrated single photon detector is given in Fig. 2 . The SPAD is used in passive quenching operation.
1 The deep n-tub cathode is connected in series with a quenching resistor R q to a high-voltage V OP that exceeds the breakdown voltage of the pϩ/deep n-tub junction by the so-called excess bias voltage V e . The pϩ anode is connected to a test pad in order to measure the current flowing in the diode during a Geiger pulse. In normal operation, this pad is kept to ground. To allow cointegration of the electronic circuit, the p substrate is grounded. The capacitance C stands for the sum of the pϩ/deep n-tub junction capacitance, the p-tub/deep n-tub junction capacitance introduced by the guard ring of the SPAD, the capacitance of the deeper junction deep n tub/p substrate, the gate-source capacitance of the input transistor of the comparator CO, the distributed capacitance along the polysilicon quenching resistor and metal lines capacitances. The node cathode/R q is connected to the inverting terminal of the high-voltage comparator supplied to V CC ϭ40 V. For compatibility with lowvoltage measurement setups ͑counter, oscilloscope, and autocorrelator͒, the output of the comparator is brought down to V DD ϭ5 V.
The basic principle of operation is as follows. As long as no charge carrier enters in the multiplication region of the SPAD, the diode is biased above its breakdown voltage to V OP and is in a nonconducting state. The output of the comparator is at low level. The electric field in the multiplication region is then extremely high resulting in a potentially infinite internal gain. When a photon is absorbed and a carrier generated in the depletion region, it is strongly accelerated and starts an ionization chain. The avalanche current quickly rises. In absence of R q , the avalanche current would continue to flow indefinitely. The aim of the quenching resistor is then to stop the self-sustaining avalanche current in order to detect a subsequent photon. The avalanche current simultaneously discharges the capacitance C and induces a voltage drop over R q . V INN decreases from V OP to the breakdown voltage of the diode. The output of the comparator switches to V DD . When the voltage across the SPAD is just above the breakdown voltage, the avalanche current is self-quenched as soon as the last carriers drift out the depletion region. To ensure a reliable quenching, the value of R q must be high enough. In our design, R q has a nominal value of 270 k⍀. As soon as the avalanche stops, the voltage across the diode starts to increase from the breakdown voltage to the operating voltage V OP . V INN crosses the reference voltage V REF and the comparator output switches to ground. A photon detection is then reflected by a 0/5 V pulse at the output of the microsystem. The recharge process of the SPAD has a time constant equal to R q C.
1 Note that, during the recharge, the diode is not completely insensitive. The detection probability rapidly increases as the diode voltage increases from 0 at V bd to its maximum value at V OP .
A picture of the single photon detector is shown in Fig.  3 . The SPAD, the quenching resistor R q , and the low-and high-voltage stages of the comparator can be seen. The short connections between the diode, the quenching resistor, and the comparator allow the reduction of parasitic capacitances.
One should keep in mind that the number of pads can be reduced in an industrial version. V OP and V REF can be provided on chip by voltage division of V CC . In addition, the test pad can be removed as well.
III. PULSE FEATURES: QUENCHING TIME AND RECHARGING TIME
A sequence of a Geiger pulse development can be divided into two distinct time durations. First, a large number of carriers crosses the depletion region during the quenching duration. Second, as soon as the diode is reset in a nonconducting state, the recharge process starts. The study of both phenomena is especially important to assess the dead time of the detector, i.e., the minimum duration between two detectable events.
A. Quenching time measurement
The quenching time has been measured by connecting the pϩ anode of the SPAD to the 50 ⍀ input resistor of a LECROY 564A digital oscilloscope working in the random interleaved sampling mode ͑1 GHz, 25 G samples/s͒. Figure  4 shows the resulting current pulses for various values of the excess bias voltage V e . As can be seen, the avalanche current reaches a few hundreds of A in less than 1 ns. Then, the current progressively drops to zero after a quenching time equal to around 3.5 ns. One should note that a slight distortion of the current pulse shape by the bandwidth limit of the oscilloscope cannot be excluded. Nevertheless, the number of charge carriers in the pulse has been extracted for values of V e from 1 V to 10 V by a step of 1 V. The results are shown in Fig. 5 . A p-spice simulation of the whole circuit has been performed as well. Typical values given by the silicon foundry have been introduced in the simulation to model parasitic capacitances and quenching resistor. Though the capacitances of the junctions are voltage dependent, the sum of the capacitances can be well modeled by an equivalent capacitance C of 95 fF. The major contributions are due to the deep n-tub/p-substrate junction ͑around 30 fF͒, the guard ring ͑roughly 20 fF͒, the pϩ/deep n-tyb planar junction part ͑for 15 fF͒, and the connecting metal lines and rings ͑around 25 fF͒. The number of charge carriers required to discharge the set of capacitances from V OP to V bd has been extracted and plotted in Fig. 5 for comparison. As can be seen, simulation and measurements are in good agreements. The number of charge carriers is linearly proportional to the excess bias voltage V e . In passive quenching, it is given by
where q is the electron charge. It is in the range of a few millions of electrons per Geiger pulse. To reduce the afterpulsing probability, there is an interest to maintain the number of electrons per pulse as low as possible for a given excess bias voltage. Afterpulses are related to trapped carriers in the depletion region during an avalanche event. These carriers are released after a variable time delay and may start a new avalanche process. A photon detection is then reflected by two ͑or more͒ output pulses. To reduce the number of carriers in a pulse allows one to reduce the trapping probability and therefore the afterpulsing probability. For low afterpulsing probability, a small value of C is crucial. In our device, the cointegration of the SPAD and the quenching circuit allows a drastic reduction of the parasitic capacitances leading to an outstanding feature. Furthermore, keeping in mind the potentiality for the fabrication of detectors array, the small number of carriers in a pulse is of the greatest interest to reduce optical crosstalks between pixels. 12,13 During an avalanche event, some photons are emitted because of the electroluminescence effect and may be detected by neighboring pixels. Reducing the number of charge carriers in a pulse is a way to keep the optical crosstalk probability at a negligible level.
B. Recharge characterization
Since a direct measurement of the voltage at node ''INN'' would irremediably introduce a detrimental parasitic capacitance ͑input capacitance of measuring instrument͒, the recharge time has been studied by an analysis of the output pulse width. The comparator exhibits different delay times for low-to-high and high-to-low transitions. As a consequence, a measurement of the output pulse does not allow an immediate reconstruction of the voltage pulse at the INN node. A numerical simulation is thus required.
The recharge process of the SPAD has been simulated with p spice using the same model implemented for the calculation of the number of charges in a Geiger pulse. The simulated data for voltages V INN and V OUT are shown in Fig.  6 . In this simulation, the excess bias voltage V e is 5 V. The breakdown voltage being 25.25 V at room temperature, this means V OP ϭ30.25 V. The reference voltage is set to V bd ϩ0.5V e , i.e., 27.25 V. The output pulse has been measured in the same bias conditions and plotted as well in Fig. 6 . The simulation leads to a recharge process with an equivalent time constant R q C of 25.7 ns (R q ϭ270 k⍀, Cϭ95 fF͒. The measured output pulse width is slightly larger than the simulated pulse. A R q C time constant of 30 ns allows one to obtain a perfect fit of simulation and measurement. This experimental procedure has been repeated for various values of V e . An equivalent R q C constant of 30 ns has been extracted. Keeping in mind the uncertainty on area and perimeter capacitances values and resistance values of the process parameters ͑typically Ϯ20%͒, such a moderate deviation is not surprising. In concrete terms, when the SPAD is biased 5 V above its breakdown voltage, around 28 ns are required to restore an excess bias of 3 V, around 48 ns to restore V e of 4 V and 68.5 ns to recover 90% of V e .
The evaluation of the recharge process has been corroborated by a measurement of the voltage across the 50 ⍀ input resistance of an oscilloscope working in an infinite persis- it is possible to extract the duration between the beginning of the recharge process and the time when the known pulse height is obtained. The extracted duration for the pulse height corresponding to V INN ϭV bd ϩ3 Vϭ28.25 V ͑respectively, V INN ϭV bd ϩ4 Vϭ29.25 V͒ is 30 ns ͑respectively, 50 ns͒. These two measurements are in good accordance with previously measured recovery time. Therefore, the recharge time constant is confirmed to be equal to 30 ns.
C. Dead time of the complementary metal-oxide-semiconductor-high-voltage single photon avalanche diode
In passive quenching, the SPAD is not completely insensitive during the recharge process. It progressively recovers its maximum detection probability. At high counting rates, it causes inaccurate correction of count losses and degradation of resolution in photon timing.
1 A definition of the sensor dead time is not self-evident. Let us define the dead time as the time required to quench the avalanche process plus the time to recharge the diode to 90% of V e . With this definition, the dead time of the CMOS-high-voltage SPAD is less than 75 ns. In previous works, the passive quenching circuit has been linked to slow recovery times. 1 We demonstrate that cointegration of the quenching resistor and the SPAD hold the dead time to a strikingly low duration. It is comparable with the commercially available SPAD using a discrete components active quenching circuit. 
IV. MAIN FEATURES OF THE COMPLEMENTARY METAL-OXIDE-SEMICONDUCTOR HIGH-VOLTAGE SINGLE PHOTON AVALANCHE DIODE
A. Noise studies: Dark count rate and afterpulsing
In Geiger mode operation, an electron-hole pair resulting from the absorption of a photon can induce an avalanche. It can also be triggered by thermally generated carriers in the device. Then, even in absence of illumination, the SPAD exhibits false counts called dark counts. The dark count rate of a SPAD is an important feature as the Poissonian fluctuations of the dark counts represent the noise of the detector. Other unwanted pulses in a SPAD are afterpulses. 1 We studied the dark count rate and the afterpulsing phenomenon at room temperature as a function of the excess bias voltage V e . Figure 8 shows the dark count rates of the device including afterpulses and after subtraction of afterpulses as well as the afterpulsing percentage as a function of V e at room temperature. V REF is set to V bd ϩ0.5 V e . The dark count rate exponentially increases with V e . The primary carriers responsible for a dark count can result from a Shockley-Read-Hall ͑SRH͒ generation in the depletion region or from band-to-band tunneling. Independently of the generation process, the increase of V e , i.e., of the electric field in the depletion region results in an increase of the probability for the primary carriers to fully discharge the CMOS-high-voltage SPAD by successive ionizations. Furthermore, in a SPAD, the electric field is, by essence, high peaking between 1ϫ10 5 V/cm and 1ϫ10 6 V/cm. As a consequence, the dark count rate is enhanced both by trapassisted tunneling and by band-to-band tunneling. When V e is increased, both contributions to the dark count rate rise. The percentage of afterpulses is also extremely dependent on V e . When the electric field increases, more and more carriers travel in the depletion region ͑see Fig. 5͒ . The number of trapped carriers thus rises with V e as well as the probability for a trapped carrier to induce a full discharge. Furthermore, at high values of V e , the afterpulsing is a kind of regenerative process as afterpulses of afterpulses are encountered. At room temperature, the dark count rate of the CMOS-highvoltage SPAD can be kept below 900 Hz up to V e equal to 5 V. The afterpulsing probability is lower than 8% for values of the excess bias voltage up to 5 V. In most of the practical applications, the total afterpulsing probability is not relevant information by itself. One would prefer to know the time when the afterpulses occur after the avalanche event. Figure  9 shows the probability of afterpulses as a function of time after the avalanche event. The area delimited by the afterpulsing curve, the dark count level, and the sensor dead time gives the integral afterpulsing. It is 7.5ϫ10 Ϫ2 at room temperature and V e equals 5 V. Almost 90% of the afterpulses are encountered in the first microsecond after the avalanche event. In lifetime measurements, afterpulses with decay time shorter than the repetition rate do not disturb the experiments. To increase the dead time to 100 ns ͑by an increase of the value of R q ) allows keeping the afterpulsing probability below 7.5ϫ10 Ϫ3 . In FCS, 8 the intensity fluctuations resulting from the travel of a molecule in the confocal volume are analyzed. The autocorrelation function of the signal is extracted for single molecule detection. The relevant part of the autocorrelation function, allowing the extraction of the diffusion constant of the molecule in the confocal volume, is generally around the millisecond range. Therefore, it is expected that the afterpulses ͑by essence correlated events͒ do not modify the autocorrelation curve in the region of interest, as they occur in the first microseconds after the avalanche event. At almost 6 s after the avalanche event, the probability to observe an afterpulse becomes lower than the probability that a new dark count occurs.
In previous works, 1 cooling of the sensor is usually recommended to lower the dark count rate of the SPAD. Figure  10 shows the dark count rate as a function of the temperature for V e equal to 5 V. The dark count rate is excessively dependent on the temperature between 20°C and 60°C. Below room temperature, cooling of the detector does not significantly reduce the dark count rate. When afterpulses are taken into account, the dark count rate starts to increase below 0°C. The temperature dependence of the dark count rate finds its explanation in the temperature dependency of the two main sources of dark counts in our SPAD. Above room temperature, the SRH generation, including generation by trap-assisted tunneling, dominates the band-to-band tunneling generation. In this region, the dark count rate is roughly divided by two every 10°C, which is a well-known behavior for silicon devices at usual operating temperatures. At low temperatures, band-to-band tunneling becomes the dominant process. The tunneling effect is very weakly dependent on temperature. The dark count rate is then only slightly decreased. On the contrary, the afterpulses percentage tends to rise when the diode is cooled as the trapping lifetimes become longer. The carriers, released during the sensor dead time at room temperature, are released after the recharge of the SPAD and counted as an afterpulse at low temperature. It explains that the dark count rate including afterpulses rises below 0°C. We demonstrate that a cooling of the sensor below 0°C does not significantly reduce the dark count rate, as the tunneling becomes the dominant process. Nevertheless, if the application requires a low noise level, cooling of the sensor at 0°C allows one to obtain a dark count rate of roughly 700 Hz at V e equal to 5 V. Figure 11 shows the measured detection probability versus wavelength of the CMOS-high-voltage SPAD for various values of the excess bias voltage. Independently of V e , the general shape of the detection probability reflects the wavelength dependency of the photon absorption coefficient in silicon. In our SPAD, the junction is close to the surface at roughly 500 nm in depth. The depletion region extends in depth by one micron or more, depending on V e . UV photons are absorbed very close to the surface in the pϩ anode prior to the depletion region. A photoelectron may reach the depletion region by diffusion and induce an avalanche event. However, this probability is small due to strong surface recombination effects. Furthermore, the silicon dioxide layer deposited on top of the photosensitive area is an absorbing medium in the UV. The detection probability is then weak below 400 nm. In the blue/green part of the visible, the percentage of photons absorbed directly in the depletion region is large. The photogenerated carriers are then immediately separated by the strong electric field and both carriers may start a chain of ionizations. The detection probability has thus its maximum in this wavelength range. Toward red and IR, less and less photons are absorbed in the depletion region. Photons absorbed in the deep n-tub/p-substrate depletion region or deeper have no chance to be detected. The photons absorbed in the quasi-neutral deep n tub prior to the deeper depleted layer are very unlikely to induce an avalanche event. The photohole is repelled in depth by the electric field resulting from the doping gradient concentration in the deep n-tub region. Therefore, from its maximum in the blue/green range, the detection probability progressively decreases in the red visible and IR. As can be seen in Fig. 11 , the detection probability is excessively dependent on the bias voltage, for values up to 5 V. The electric field varies with the square root of the applied voltage. Ionizations coefficients for electrons and holes exponentially increase with the electric field. Hence, the probability to induce a full discharge of the avalanche diode increases with the excess bias voltage. 7 When V e is further increased from 5 V to 10 V, the detection probability is only slightly improved. The probability for a carrier to trigger a Geiger pulse progressively tends to 1. This saturation is clearly seen in the UV range. In the red and IR, the depletion region enlargement that occurs principally on the low-doped deep n-tub side of the junction favors the direct collection of photons in the depletion region. The saturation is then less pronounced. At any V e , some ripples can be seen on the detection probability curve. In a CMOS process, a stack of layers is deposited on the photosensitive part of the device. This stack of layers can be considered as a single silicon dioxide layer of roughly two microns. Interferences hence occur resulting in wavelengthdependent ripples.
B. Photon detection probability
Although the detection probability is less than 10% on the whole spectrum for V e equal to 1 V, it peaks at almost 28% at 470 nm for V e ϭ5 V. Still for a 5 V excess bias voltage, the detection probability is more than 20% between 420 nm and 600 nm. It is higher than 13% up to 700 nm, and decreases progressively to almost 7% at 750 nm and 3% at 900 nm. When the diode is biased 10 V above breakdown, the detection probability can reach 35% in the green part of the visible. One should notice that a postprocess etching of the diode to partially remove the deposited layers on top of the diode could be of interest to improve the detection probability in a desired wavelength range. Presently, the deposited layers result in a transmittance in the visible varying roughly between 60% and 90% depending on the wavelength. With a 100 nm thick silicon dioxide layer, for instance, the transmittance can be larger than 80% between 450 nm and 1000 nm.
The detection probability obtained for V e equal to 5 V competes or even surpasses the detection probability of standard PMTs. The spectral range covered by our SPAD is also broader than that of standard PMTs. The spectral range of detection of the CMOS-high-voltage SPAD covers well the emission spectra of fluorophores used in life sciences. Of course, state-of-the-art commercially available SPADs 2 exhibit higher detection probability as they are based on a ''reach-through'' structure. 3 This nonplanar process allows one to fully deplete the entire device to improve the collection of photons. Nevertheless, such a structure is not compatible with the cointegration of electronics and low costs of production.
C. Timing resolution
The timing resolution reflects the statistical fluctuations of the time interval between the arrival of the photon on the sensor and the detection of the output pulse leading edge. The timing resolution or jitter is an important feature of a single photon detector, more specifically, for time-correlated single photon counting applications.
14 The timing resolution is usually characterized by the full width at half maximum ͑FWHM͒ of the sensor response to a fast pulse of light. Timing resolution of our CMOS-high-voltage SPAD has been measured using the ''two identical detectors method'' 15 with the setup described in more details in Ref. 5 . Figure 12 shows the obtained normalized histogram with an excess bias voltage of 5 V for the two detectors at room temperature. The FWHM of the histogram represents the overall detection system timing resolution including timing resolution of the two CMOS-high-voltage SPADs, timing resolution of external electronics ͑discriminator and time to amplitude converter͒ as well as the pulse width of the femtosecond laser emitting at 710 nm. The FWHM of the autocorrelation function is roughly 60 ps. The full width at 1/10 of the maximum ͓FW͑M/10͔͒ is 150 ps and extends to 2 ns at 1/100 ͓FW͑M/100͔͒ for the overall detection system. The histogram follows a Gaussian distribution in the first decade and transforms to an almost exponential function in the second and third decades. This tail effect, already noticed in previous works 16, 17 is explained by the statistic of the absorption depths in the device. The Gaussian contribution is given by photons absorbed directly in the depletion region. Photons absorbed in the quasi-neutral regions involve a slow diffusion process responsible for the exponential that can be seen in Fig. 12 . The measurement has been repeated for various excess bias voltages. The timing jitter coming from external electronics has been measured separately as described in Ref. 5 . By quadratic decomposition, the FWHM timing resolution of the CMOS-high-voltage SPAD has been extracted and plotted in Fig. 13 . The timing resolution exponentially decreases with the excess bias voltage. It becomes lower than 50 ps for V e larger than 5 V. At low bias voltages, statistical fluctuations of the avalanche buildup leads to relatively important jitter values. On the contrary, at higher excess bias voltages, the avalanche breakdown is initiated faster due to the very high electric field and the timing resolution is then greatly improved. One should notice that above 5 V, the timing resolution is not significantly improved by a further increase of V e . Taking into account the shallow high-field depletion region of the CMOS-high-voltage SPAD, such a good timing resolution is not surprising and in accordance with previously published results using shallow planar silicon devices. A FWHM timing resolution equal to 20 ps at Ϫ65°C and 28 ps at room temperature with silicon SPAD fabricated with a dedicated process has been reported in Ref. 15 . The timing resolution of the CMOS-high-voltage SPAD compares favorably with commercially available PMTs, which have a timing resolution of several hundreds of picoseconds. It is greatly lower than the timing resolution of 350 ps of the commercially available photon counting module.
2
V. OUTLOOK
Although the guard-ring structure of the diode allows working at large excess bias voltages, some compromises exist between detection probability, timing resolution, dark count rate, and afterpulsing. Working at an excess bias voltage of 5 V, the detection probability and the timing resolution reach outstanding values, keeping the dark count rate and the afterpulsing at acceptable levels. An analysis of the specific applications should lead to the optimization of the excess bias voltage. If the CMOS-high-voltage SPAD element is already of the greatest interest, the prospect of fabricating a compact array is really stimulating. For a one-dimensional array, where the electronic circuit can be placed nearby each SPAD, the present design is well suited. The miniaturization of the pixel size is under investigation for two-dimensional arrays. Furthermore, the low number of carriers during an avalanche pulse, obtained thanks to a full integration, is a guarantee of small optical crosstalks probability between pixels. Finally, an increase of the photosensitive diameter of the CMOS detector would be of interest to reduce the focusing constraint. This study is under investigation in our research group. An increase of the dark count rate and of the afterpulsing probability are expected. The timing resolution has to be studied again in larger diodes. 
